Despite of simplicity in construction and operation, determination of nature of flow physics parameters inside vortex tube is highly difficult due to presence of highly swirling and turbulent flow inside very small dimensional domain of vortex tube. At this point of difficulty, the methodology of Computational Fluid Dynamics can significantly help the researchers. Present paper is intended to discuss the outcomes of CFD study carried out on counter flow vortex tube. Standard k-ε turbulence model has been used to replicate the turbulence inside vortex tube. This model is found to be very well capable of predicting flow features inside vortex tube. Results indicate that cold mass fraction is an important parameter affecting the temperature separation magnitude in vortex tube. Cooling power separation is also an important parameter to evaluate performance of counter flow vortex tube, instead of cold end temperature only. A recirculating secondary flow has also been identified near the inlet region of vortex tube, which is accompanied by backflow at cold end for smaller values of cold mass fraction. Results of present CFD study are in good agreement with experimental results.
Introduction
A vortex tube is a simple and compact device that can separate the admitted compressed gas into streams of hot and cold gas. This phenomenon is known as energy separation or temperature separation. The mass of hot and cold gas coming out of vortex tube can be controlled with the help of control valve located on hot side. The magnitude of temperature separation changes with the change in mass of cold gas extracted i.e. cold mass fraction, the pressure of inlet stream and geometry of vortex tube. Temperature separation effect is produced instantaneously without any moving parts inside the tube or any chemical reaction. This results in very low maintenance and longer service life of tube. Vortex tube is suitable for applications such as spot cooling of electronic components, cooling suits for mine workers and spray painters, thermal sensors testing, liquefaction of gases etc.
Ever since its discovery made by Ranque [1] , many researchers have conducted experimental studies to predict performance of vortex tube. However, experimental results are mostly limited to average or integral values owing to larger pressure gradients within smaller dimensional domain of vortex tube. For example, Ahlborn and Groves [2] reported that even use of a 1.6 mm diameter Pitot tube probe for a vortex tube of 25.4 mm diameter resulted in blockage of 8% of vortex tube cross section. At this point of uncertainty, CFD can be used to obtain detailed profile of flow physics parameters of swirling and turbulent flow inside the vortex tube. Secchiaroli et al. [3] used RSM, LES and RNG k-ε turbulence models for analysis and concluded that velocity field prediction by RSM was better than other two models, regardless of computational time required. This is contrary to the findings of Skye et al. [4] who reported a declined accuracy of CFD data relative to experimental data, when RNG k-ε turbulence model was used. Skye et al. [4] also reported that Reynolds stress equations could not be converged during their simulation. Skye et al. [4] developed 2D numerical model of vortex tube using 25000 cells and observed that their model under predicted the magnitude of temperature separation. Farouk and Farouk [5] used LES for the first time in analysis of vortex tube and observed that zone of minimum swirl velocity was also the zone of minimum total temperature. The LES model also predicted the presence of secondary vortices in different regions of tube. For the present CFD study, experimental results from study of Skye et al. [4] have been utilized.
Nomenclature

ΔTc
cold end temperature separation, K ΔTh hot end temperature separation, K
Mathematical Modeling
The governing equations solved by Fluent™ 6.3.26 are equation of continuity, momentum, energy and equation of state, given below:-
Standard k-ε model solves transport equations for turbulence kinetic energy, k, and its rate of dissipation, ε, given below: A vortex tube with internal diameter 11.4 mm and working length of 106 mm was used. Air was admitted as working fluid of vortex tube. The cold end diameter was fixed to be 6.2 mm. Inlet has been modeled as annular inlet using the same procedure as that of Skye et al. [4] . The resulting computational domain used in present study has been depicted in Fig. 1 (a) . The modeling and meshing software Gambit 2.4.6 was used to generate the structured grids used during the present analysis. The structured mesh used during present study is shown in Fig. 1 (b) . The CFD model is two-dimensional model solved using Fluent™ 6.3.26.
Grid Independence Study
Grid independence of solution was checked using structured grid of different sizes i.e. with 14500, 25346, 57000 and 101308 cells. As observed from Fig. 2 , the value of cold end temperature remains significantly unchanged after grid size is increased beyond 57000 cells. Hence, further CFD simulations have been carried out using this grid size so as to save additional computational efforts as well as time. 
Validation
Results of present CFD study are compared with experimental and CFD results of Skye et al. [4] as well as with CFD results of Farouk and Farouk [5] for validation. As observed from Fig. 3 , results of present CFD study are in better agreement with experimental results of Skye et al. [4] than CFD results of Skye et al. [4] for cold end and hot end temperature difference and also consistent with CFD results of Farouk and Farouk [5] . It implies that simulation methodology followed in present work is appropriate, despite of use of different turbulence model than that of Farouk and Farouk [5] .
(a) (b) Fig. 4 shows the contours of distribution of total temperature inside vortex tube. The temperature separation phenomenon is clearly evident in this contour plot. It clearly shows that core axial flow exiting through cold end is at very low temperature. At the same time, the peripheral flow is at higher temperature than temperature of admitted air and its temperature is highest near the hot end. Also, as the flow progresses towards hot end i.e. with increasing axial distance, the magnitude of energy separation decreases. As observed from Fig. 5 (a) i.e. variation of static pressure at various axial locations 'x', large pressure drop takes place in the inlet region when air is admitted through nozzles. Once the flow is established, a pressure gradient is created in the radial direction which is present throughout the length of the vortex tube. Under the action of centrifugal forces, the admitted air is pressed towards the wall. It means that peripheral layers of air are in compression while axial layers of air undergo expansion due to strong pressure gradient. This compression effect may be one of the causes of higher temperature of air flowing through peripheral region. The expansion of layers of air in the region near the axis gives rise to increased axial velocity of air particles in negative direction and also reduces its temperature. The static pressure drops towards hot end of the tube. This is due to friction between the layers of air and wall of the tube. Fig. 5 (b) indicates that highest magnitude of swirl velocity is observed near the inlet of the tube. This velocity is imparted to air particles is due to expansion of air while passing through the inlet nozzle. The magnitude of maximum swirl velocity in this region is 388 m/s. It is also observed that swirl velocity goes on decreasing as the flow progresses towards hot end. Swirl velocity increases with increase in radius of the tube while in the region very close to the tube wall, reverse of this trend is observed. This is an indication about presence of forced vortex regime in major part of the tube and free vortex regime near the tube wall. Swirl velocity has maximum magnitude at a radial distance of about r/R = 0.89 at all axial locations.
Results and discussion
It is observed from Fig. 6 (a) that axial velocity of air particles goes on decreasing towards hot end. Mass of air in the peripheral region flows towards hot end (+ve velocity) and mass of air in the core axial region flows towards cold end (-ve velocity). Thus, computational model clearly indicates the presence of recirculating zone inside vortex tube. The negative value of axial velocity is observed due to pressure difference between flow field inside the vortex tube and cold end. This pressure difference is continuously acting on air particles when it is travelling towards hot end. When momentum of air particle ceases to zero, it is not capable of flowing against this pressure gradient, hence its direction reverses. Further increase in axial velocity of the air particle is the result of expansion of particle which occurs due to continuously acting pressure difference. Fig. 6 (b) shows that static temperature decreases in radially outward direction i.e. towards periphery of tube. This represents a potential temperature gradient which is responsible for flow of heat energy from inner layers to outer layers. This temperature gradient resulting due to difference in static temperature is observed to be most significant near the region of nozzle inlet. Also, static temperature rapidly increases near the tube wall, because of action of no slip boundary condition at wall, which causes conversion of kinetic energy of air particles into thermal energy. Total temperature comprises of static temperature and component of kinetic energy in it. Due to larger component of kinetic energy (as a result of higher swirl velocity), profile of total temperature is analogous to profile of swirl velocity and static pressure in the radial direction. This similarity indicates that temperature separation is a combined effect of expansion of air due to radial pressure gradient as well as variations in kinetic energy owing to swirl velocity profile. The core axial layers of air transfer shear work to peripheral layers, causing their kinetic energy as well as total temperature to decrease as shown in Fig. 7 (a) . It is a fact that along with temperature, the mass and specific heat of the substance are the factors affecting the energy content of the substance. Hence, it is necessary to calculate the magnitude of cooling power separation to find suitability of vortex tube's output for a particular application. This cooling power separation is given as,
As shown in Fig. 7 (b) , results of cooling power separation using air as working fluid are observed to be in good agreement with those calculated by Skye et al. [4] for experimental observations at different values of cold mass fraction. It is interesting to observe that maximum magnitude of cooling power separation is obtained at cold mass fraction of about 0.68, unlike maximum cold end temperature separation. However, cold end temperature separation is lesser than that at cold mass fraction of 0.30 due to higher mixing of cold and hot fluid streams as a result of obstruction posed by hot end control valve. At lower values of cold mass fraction, magnitude of cooling power separation is insignificant. Expt [4] CFD [4] CFD [Present] Fig. 8 (a) i.e. streamlines inside vortex tube predicted by Standard k-ε model indicate the presence of recirculating zone near the inlet. Such zone acts as performance degrading mechanism for vortex tube by causing the mixing of hot and cold streams. Such recirculating zone spans about 25 mm. Small vortices near the hot end zone are also observed. Such secondary vortices were observed by Farouk and Farouk [10] for the first time. Fig. 8 (b) shows enlarged view of cold end of vortex tube, which clearly depicts the presence of backflow of atmospheric air. This is consistent with observation of Skye et al. [4] . Due to this backflow, temperature separation magnitude obtained at lower values of cold mass fraction gets affected negatively. Such backflow diminishes with increase in cold mass fraction beyond value of 0.4.
Conclusion
Results obtained during present study agree very well with experimental results. Observation of axial velocity provides idea about reversal of flow. 2-D axisymmetric model can be satisfactorily used to predict the temperature separation and behaviour of flow inside vortex tube. Maximum cooling power separation is obtained for cold mass fraction in the range of 0.6 to 0.7, unlike maximum cold end temperature separation. Structure of pathlines clearly identifies the recirculating region near the cold exit as well as the presence of secondary vortices within the tube.
